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Abstract 
Metal mining used to be a major source of heavy-metal contamination for river systems and in England and Wales 
affected areas exceed 4000 km2. Under flooding conditions, heavy metals stored in riverbeds and floodplains can be 
remobilised and become secondary sources of diffuse pollution. During remobilisation, heavy-metal species and their 
association with soil/sediment particles have been changed. This paper investigates heavy metals in floodplain 
sediments of the River Severn, UK. Four floodplains representing the upper catchment (Caersws), the middle reaches 
(The Burf and Berwick Farm) and the lower catchment (Tewkesbury Ham) were studied for the concentration and 
distribution of Pb, Zn, Cu, Co and Cd and their associations with sediment particles. In the floodplain sediment from 
Caersws, heavy metals are associated with sand-sized particles and are in the form of native metals. With increasing 
distance downstream, these particles are broken into smaller fragments and heavy metals are released into the system 
where they combine with finer particles and are deposited on floodplains downstream during flooding. The highest 
concentrations of Pb are in the floodplain sediment at Caersws and the concentration decreases downstream due to 
"dilution" by local sediment supply and fragmentation. Across the floodplain, heavy metals are deposited adjacent to 
the present channel in the upper reaches, but are deposited in localities further away from the channel on the other 
floodplains further downstream, reflecting the fact that heavy-metal association with sediment particles controls their 
distribution. Concentration of heavy metals along vertical profiles increases first and then decreases with depth with 
peak values reached at varying depth between profiles. This pattern of variation along profile reflects the history of 
heavy metal accumulation, which is determined by the rate of heavy metal release from mining sites upstream. 
Although the varying depth that peak value reaches at different profiles is affected by translocation and hydroperiod, 
it still corresponds with the change of historical mining output upstream and can be used to calculate the 
sedimentation rate of floodplain surfaces. 
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1. Introduction  
In the UK non-ferrous metal mining was important until early in the 20th Century[1]. Most of the 
activity was carried out in the upper reaches of rivers leading to the release of heavy metals to river 
systems and subsequent contamination of rivers, floodplain soils and estuaries. Accumulation of heavy 
metals in floodplain sediments is potentially a long-term pollution source that can cause grazing 
deficiency and adversely affect crop quality as a result of soil contamination. It has been estimated that 
there are 2000 km2 of contaminated land needing remediation in the UK[2]. Floodplains act as sinks for 
alluvial sediment with sediment yields often being due to changes in land use. Material deposited on 
floodplains can remain stored for thousands of years unless reworked and remobilised by flooding and 
therefore storage depends on flood magnitude and frequency. As heavy metals are not degradable, those 
stored with floodplain sediment could continue to have an effect on the environment for a long time[3], 
and when floodplain sediment is affected by floodwaters, the sediment-associated heavy metals are also 
remobilised and deposited on floodplains further downstream or are transported in the channel flow to 
lower river reaches or estuaries.  
The River Severn is one of the largest rivers in the UK and mining for lead, copper and zinc was 
operating up to the early 20th Century in the upper reaches (Fig. 1). Floodplain areas in the Lower Severn 
receive sediment transported from upstream and the aim of this paper is to investigate the nature and 
distribution of heavy metals in floodplain sediments to elucidate the continuing legacy of historic mining 
activity.  
2. Study Area 
The upper reaches of the River Severn are on Lower Palaeozoic rocks in the Cambrian Mountains of 
Wales, which is where the mines were situated; whereas the central and lower reaches are dominated by 
Devonian and Mesozoic rocks respectively (Fig. 1). The study areas chosen for the study are 
representative of these three areas: Caersws in the headwaters; Shrewsbury in the central area on 
Devonian strata; The Burf on Mesozoic rocks. A further site at Tewkesbury was selected near the 
confluence of the Severn and Avon, which has no metal mining in its catchment (Fig. 1).   
3. Methodology 
Samples were collected from each floodplain using a grid of 20 m by 20 m squares. At each sampling 
point a pit 20 cm 20 cm 100 cm was dug and samples of 500g collected at various depths. A total of 449 
samples was collected; Caersws (51); Shrewsbury (98); The Burf (100); Tewkesbury (200). Samples were 
also collected from cut-bank profiles at Caersws. The samples were taken back to the laboratory and air 
dried, then two sub-samples were obtained via a riffle box and one of the sub-samples was passed through 
a 2 mm sieve. The other sub-sample was used for particle size analysis to examine sediment grain-size 
distribution on the floodplains. Approximately 2 g of the <2 mm sub-samples were treated with 20 ml of 
standard 70% nitric acid in glass tubes, which were then heated and boiled for 2 hours before filtration. 
Concentrations of five heavy metals, Pb, Zn, Cu, Co, Cd, were determined using the Atomic Absorption 
Spectrophotometer[4]. A sedimentation column apparatus was constructed to separate particles of 
particular grain sizes in order to examine the relationship between grain size and associated heavy metals 
[4-6]. Samples of 300–400 g were dispersed in distilled water and passed through a 63 μm sieve to 
remove the fine fraction.  The sediment remaining on the sieve was dried and then mixed with distilled 
water to make up the volume of the sedimentation column. 
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Fig. 1. Location map of the River Severn catchment, showing bedrock geology, mine sites and study areas. 
4. Results and Discussion 
4.1. Heavy metal concentration in floodplain surface sediments  
The mean results of heavy metal analysis for the four floodplains are shown in Table 1 and a 
comparison of the relationship of heavy metals with grain size from Caersws and Tewkesbury is shown in 
Table 2. The results show that lead and zinc are the two main heavy metal contaminants in the River 
Severn system.  As Caersws is very near to the old mine sites that area received deposits containing much 
higher concentrations of Pb and Zn. The concentrations recorded further downstream at Shrewsbury and 
The Burf show a gradual decline in Pb and Zn, though at Tewkesbury a slight increase was recorded 
(Table 1).  
Table 1. Mean concentrations of heavy metals in mg/kg on the four floodplains. 
Site 
(n=no.of samples) 
Pb Zn Cu Co Cd 
Caersws (n=51) 291.1 231.9 20.3 31.8 2.8 
Shrewsbury (n=98) 64.9 195.0 21.2 21.4 1.7 
The Burf (n=100) 33.2 107.6 14.4 25.3  
Tewkesbury (n=200) 53.0 168.6 24.5 19.9 1.6 
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Table 2. Mean heavy metal concentration in mg/kg within each grain size fraction of surface samples, 
Caersws (C) and Tewkesbury (T). 
Grain size C/T Pb Zn Cu Co Cd 
Sand 
C 1570.1 361.7 22.9 55.5 4.5 
T 52.2 112.7 18.3 13.4 2.6 
Coarse silt 
C 482.2 300.1 21.5 27.1 1.4 
T 60.6 166.5 28.2 16.4 1.9 
Medium silt 
C 463.9 318.2 26.9 26.1 1.5 
T 65.1 210.9 32.8 17.4 2.2 
Fine & very fine silt 
C 482.1 340.2 25.4 27.0 0.8 
T 72.4 257.8 39.7 21.6 2.4 
Clay 
C 436.9 301.4 27.2 31.9 0.7 
T 92.4 279.0 43.7 23.1 3.7 
 
All areas suffer an annual flood of varying magnitude and as a result sediment that is transported in 
the channel as suspended load is transferred to the floodplain and deposited due to the reduction of flood 
water transport capacity.  The results of sediment grain size analysis indicate that coarser particles and 
associated metals are deposited near the river bank and the mean grain size tends to decrease with 
distance from the channel, with floodplain topography also playing a role[7]. Similar patterns of grain 
size distribution were observed at both Caersws and Tewkesbury but the distribution patterns for heavy 
metals were different. The heavy metals in the Severn are mostly attached to suspended particulate matter 
and this therefore determines their distribution on the floodplains following flooding.  At Caersws, Pb, Zn, 
Co and Cd tend to decrease with distance from the channel and Pb, Zn, Cu and Co are associated more 
with sand particles than with silt and clay (Table 2). At Tewkesbury, a different pattern of heavy metal 
distribution was observed with Pb, Zn, Co and Cu tending to increase with distance from the Severn 
channel and reaches another peak towards the bank of the River Avon. Cadmium concentrations are high 
near the banks of the Severn and Avon and decreases towards a central depression on the floodplain.  The 
Avon catchment contains Mesozoic limestones and calcium carbonate might have affected the 
relationship between heavy metals and sediment particles[8]. 
Traditional research into particle size partitioning in heavy metals [8-10] has shown that heavy 
metals are associated with fine particles in many fluvial systems.  This is the case in Tewkesbury, though 
at Caersws heavy metals tend to be associated with sand-sized particles.  The reasons for this are probably 
due to the sediment being derived almost directly from mine sites and tailings tips[11] at Caersws, and 
being attached to coarser fragments rather than a much greater distance downstream from mines as at 
Tewkesbury, where sediment transport mechanisms have decreased particle size over time and changed 
heavy metal species[4]. The lead and zinc mining peaked in production in the 1870s and ceased at the 
beginning of the 20th century.  The surface sediments of the River Severn floodplains are contaminated 
with heavy metals and the degree of contamination depends on the relative distance from the former mine 
sties, with Caersws being extremely contaminated and Tewkesbury less contaminated but still showing 
elevated levels of the same metals. This demonstrates that even floodplain areas distant from former 
mines upstream have received inputs of heavy metals as a direct result of human activity upstream. 
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4.2. Vertical distribution of heavy metals in floodplain soils 
An examination of the vertical profiles (Table 3) shows that most of the Pb, Zn and Cd contamination 
is to be found in the upper soil horizons.  The depth to which soils are contaminated varies between 
floodplains and localities within one floodplain.  This relates to the processes of pedogenesis, which, on 
floodplains are determined by sedimentation rate and hydroperiod [12-13]. Throughout the sediment 
profiles (Table 3), the distribution pattern of heavy metal concentration, especially for Pb and Zn, reflect 
the historical changes of heavy metal input to the river system. During mining activity, heavy metals 
attached to rock fragments are released and these can only be carried a short distance in upper reaches 
before further weathering and attrition break them into smaller pieces or cause changes in heavy metal 
species. As lead, copper, cobalt and zinc are associated with sand-sized particles in the upper reaches of 
the Severn and with finer particles in the lower reaches, the changes in heavy metal concentration through 
soil profiles across the study sites could reflect these attrition processes.  
 
Table 3. Heavy metal concentration (mg/kg) in sediments from profiles at Tewkesbury (T, 30m from channel) and Caesws (C, 
overbank). 
Depth (cm) 
Pb Zn 
T C T C 
0-5 74.3 584.1 231.3 382.0 
5-15 77.9 624.4 203.5 372.0 
15-25 62.3 665.5 143.1 407.1 
25-35 47.4 1053.5 110.3 624.5 
35-45 38.9 848.0 97.7 641.5 
45-55 35.2 1400.0 93.0 533.5 
55-65 35.0 1853.5 90.5 385.5 
65-75 33.4 1446.5 93.9 333.5 
75-85 36.3 870.0 93.3 336.5 
85-95 29.0 328.5 86.6 346.5 
 
The change in depth of the peak value for Pb and Zn concentrations across the floodplains suggests 
that deposition rate is higher in areas adjacent to the channel and that deposition rate decreases with 
distance from the channel [14]. Apart from the difference in deposition rate at locations at various 
distances from the channel, heavy metal translocation might be responsible for the differences in depth to 
peak concentration. Sediments near to the channel contain more sand-sized particles and those further 
from the channel contain more silt and clay [4,14]. Through the profiles, the depth to peaks of Pb and Zn 
concentration is greater in soil profiles with a sandy composition, indicating that translocation might have 
occurred because of better drainage conditions [15]. Translocation of heavy metals through sediment 
profiles varies according to individual elements and, in the areas studied, Zn and Cu show translocation 
further down the profile than Pb. Translocation can be related to pedogenic processes where the heavy 
metals are associated with clay minerals that move downward in soil profiles with percolating water and 
accumulate in lower soil horizons due to flocculation [16]. Waterlogging during prolonged flooding 
changes the Eh/pH conditions of soils and under these circumstances some heavy metals are mobilized 
into solution and can be leached out or move further down profiles. The duration and frequency of 
flooding has been shown to influence the mobility of Zn [17] so this factor might account for the depth to 
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the peak of Zn concentrations in the River Severn floodplains.  As Pb appears to be less mobile and peak 
accumulations are higher in the profiles on the Severn floodplains there is a potential toxic danger to 
grazing livestock, particularly as flooding entrains and redeposits surface sediments and associated heavy 
metals. 
5. Conclusions 
Sediment samples were collected from floodplain surfaces and through vertical soil profiles from 
four floodplains in the River Severn system and tested for grain size distribution and heavy metal 
contamination. Coarse-grained material and associated heavy metals were deposited near to the channel 
and finer-grained sediment was deposited at various distances across the channel.  In the upper reaches of 
the Severn, near to former mine sites, the sediments were extremely contaminated and heavy metals are 
associated with coarse grains, whereas the concentrations of heavy metals gradually declined in a 
downstream direction where heavy metals tend to be associated with finer particles. Hydrological 
processes facilitate the breakdown of rock fragments and help release heavy metals into river systems.  
The depths to peak concentrations of heavy metals such as Pb and Zn appear to correspond with 
historical peak mining output but are also affected by duration and frequency of flooding and pedogenic 
processes such as clay translocation. Flood water changes the Eh/pH conditions of sediments and soils, 
which facilitates the remobilisation and translocation of metals. The pattern of heavy metal distribution 
along profiles, especially in upper reaches near the former mining sites, does correspond with the 
historical change in mining activitiesReferences. 
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